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Abstract:  
 
A numerical approach is followed in this study to investigate effect of inlet parameters on two 
phase flow patterns in a horizontal tube of a millimeter size or lower. The numerical simulations are 
conducted using air and water as the working fluids. The model is based on a computational fluid 
dynamics (CFD) approach and is constructed with an open-source toolbox OpenFOAM, which utilizes 
a finite volume method to solve the Navier-Stokes equations along the volume of fluid (VOF) 
methodology to capture the liquid-gas interface. The numerical predictions obtained with this model 
are validated by experimental results of Zeguai et al. [1]. The flow patterns that are numerically 
visualized are bubbly, slug and annular flow. The effect of inlet phase velocities is analyzed. The inlet 
superficial gas velocity on the pressure gradient along the channel is analyzed. Transition from one 
flow pattern to another are localized and results are documented.  
 
Résumé:  
 
Le présent travail est une Analyse numérique sur les effets des conditions d'entrées sur les structures 
d'écoulement diphasique dans un tube horizontal d'une taille de l’ordre du millimètre ou du 
micromètre. Les fluides utilisés pour  les simulations numériques sont l'air et  l'eau. Le modèle est 
basé sur l’approche de la dynamique des fluides numérique (CFD) en utilisant le code de calcul 
OpenFOAM (open-source), qui utilise la méthode des volumes finis pour résoudre les équations de 
Navier-Stokes. La méthode de volume de fluide (VOF) a été utilisée pour capturer l’interface Gaz-
liquide. Les résultats numériques obtenus avec ce modèle ont été validés avec les résultats 
expérimentaux de Zeguai et al. [1]. Les modèles d'écoulement numériquement visualisés sont les 
écoulements : à bulles, bouchon et annulaire. L’effet de la vitesse superficielle du gaz à l’entrée sur le 
gradient de pression le long du canal est analysé. La transition d'une configuration d'écoulement à 
l'autre a été localisée et les résultats sont étudiés et interprétés. 
 
Keywords: Two phase flow, microchannel, numerical simulation, bubble, 
slug flow, annular flow. 
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1 Introduction  
 
Two phase flow in microchannnels finds several applications in biotechnology, electronics, process 
engineering at microscale and many others. Examples are in gas–liquid reactions in microreactors, 
catalyst coating in capillaries, electronic cooling, flow in blood vessels and respiratory airways and 
flow in porous media. Understanding flow pattern organization requires a good assessment of several 
parameters that could affect the flow patterns among which fluid properties, geometrical design and 
dimensions as well as operating conditions. At this small scale, controlling accurately all theses 
parameters experimentally becomes a hard task and even impossible to achieve. 
 
Gas-liquid two phase flow was investigated by many authors. Indeed, Serizawa et al. [2] analyzed 
air-water flow in tubes of 20, 25 and 100 μm in diameter and two phase water and its vapor in a tube 
of 50 μm in diameter. Visualizations of flow patterns were obtained for superficial velocity between 
0.003 and 17.52 m/s for the liquid phase (water) and between 0.0012 and 295.3 m/s for the gas phase 
(air). Several flow patterns were observed namely dispersed bubbly flow, slug flow, liquid ring flow 
and liquid lump flow. Chung and Kawaji [3] studied two phase flow of nitrogen gas and water in 
micro and mini channels and looked at the effect of tube diameter. Four values were considered: 530, 
250, 100 and 50 μm. They reported on differences in the slug-wavy flow transition between a tube of 
diameter less than 100 μm and one with a diameter greater than 1 mm. They agreed with Serizawa et 
al. [2] about the statement that the liquid ring flow appears only in tubes whose diameter is above 1 
mm. Moreover, dispersed bubbly flow and mist flow could not be visualized. Recently, Zeguai et al. 
[1] analyzed air–water two-phase flow patterns in a horizontal tube of 3 mm inner diameter. Unlike 
previous studies, the investigated ranges of superficial velocity of the liquid and gas are from 
0.78×10
−3
 m/s to 79×10
−3
 m/s and from 2.3×10
−3
 m/s to 3.54 m/s respectively. The results are used to 
highlight the flow pattern evolution from the inlet zone to the far downstream one. Within the 
explored ranges of superficial velocities, several flow patterns were obtained namely bubbly, slug and 
annular flow pattern. More complex flow patterns were visualized in the entrance region that evolve to 
fewer and simplified flow structure with smoother interfaces far downstream. Flow maps are drawn 
and proposed. They reveal some pattern rearrangements.  
 
However, most of the works were restricted to the study of the flow pattern such as bubbly flow or 
slug flow with a simple and regular morphology. The accurate tracking of interfaces over time and 
managing topology changes (deformation, rupture and coalescence) is one of the problems that pose a 
big challenge. Using CFD, Fukagata et al. [4], Qian and Lawal [5], Lakehal et al. [6], Shao et al. [7], 
Harvie et al. [8], Kreutzer et al. [9], Taha and Cui [10], Kumar et al. [11], Gupta et al. [12] modeled 
two-dimensional axisymmetric bubbly or Taylor flow in miniature tubes using level set method (LS) 
or volume of fluid method (VOF) to solve the problem of the interface between immiscible fluids. 
Despite the growing number of works on two-phase flow in mini or micro-ducts, there are still many 
parameters influencing the flow patterns to be investigated.  
In the present study air-water horizontal two phase flow in the inlet region of a small size circular 
tube is numerically investigated. Air is axially injected through a nozzle with an inner diameter of 0.11 
mm and water flows in a 0.5 mm diameter glass tube. The physical problem is mathematically 
governed by the conservation equations (continuity and momentum) associated to an interface tracking 
technique namely the volume of fluid (VOF). An open source code (OpenFOAM) is used to analyze 
the effect of air velocity on the flow patterns and pressure gradient in the inlet region close to the 
injection on a distance of 100 mm. 
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2 Formulation and solution method  
 
 The incompressible fluid flow equations expressed within the single-fluid formalism take the 
following form: 
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where the Fs term in the momentum equation represents the surface tension. 
ρ and μ are the average fluid density and viscosity  respectively, which are calculated using the 
indicator function  :      
                              
                        gl ρφ)1(+ρφ=ρ                                                                      (3) 
 
                           gl φ)μ1(+μφ=μ                                                                      (4) 
 
In the volume-of-fluid method, the indicator function φ  represents the volume fraction of one of the 
fluids in each grid cell. If the cell is completely filled with the first fluid then φ  = 1 and if it is filled 
with the second fluid φ = 0. At the interface, the value of φ lies between 0 and 1. The scalar 
φ evolves according to an advection equation of the form: 
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t
φ


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                                                                                           (5) 
 
The surface tension is calculated by:  
 
                     (x)nκσ=FS                                                                               (6) 
 
where κ is the interface curvature and n is the outward vector normal to the interface: 
 
                        n.=κ                                                                          (7) 
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φ
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

                                                                               (8) 
Various grid resolutions were first tested to ensure that the velocity in the near wall layer is well 
resolved. The intermediate grid of 2000*100 nodes was sufficient to resolve the macro flow topology 
and transition. 
 
Numerical results are checked against experimental ones and other published results and a good 
agreement is found (Zeguai et al. [1]). 
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 Results and discussion 
 
 To analyze the influence of the gas velocity at the entrance of the channel on the flow patterns, 
we set a constant liquid velocity at the entrance of the channel UL=0.08 m/s, and we vary the gas 
velocity. Results are presented in terms of visualizations of flow patterns and pressure gradient 
evolution along the channel. 
 
Figure 1 shows visualizations of two phase flow patterns in 0.5 mm diameter tube for different 
apparent gas velocity. In the tube, three main flow patterns namely, bubbly, slug and annular flow 
could be obtained when increasing the gas velocity. This agrees well with the experimental results of 
Chung and Kawaji [3], Serizawa et al. [2] and Chen et al. [13].  
 
 
 
 
 
a) Bubbly flow UGS= 0.019 m/s. 
 
 
 
 
b) Slug flow UGS= 0.338 m/s. 
 
         
 
c) Annular flow UGS= 0.968 m/s 
 
Figure1: Effect of gas superficial velocity on two phase flow pattern  
(D=0.5mm, ULS=0.079 m/s) 
 
        
Figure 2 illustrates the variation of the pressure gradient evolution along the channel of 0.5 mm 
diameter versus gas superficial velocity for the inlet liquid superficial velocity 0.079 m/s.  Three zones 
that matched with flow patterns were: 
 
Zone 1: UGS<0.048 m/s the pressure gradient increased as gas superficial velocity increased. The 
increase of bubble size by increasing gas velocity induces the increase of pressure gradient till it 
reaches a maximum. This maximum can represent the transition boundary bubble / slug. 
 
 
Zone 2: 0.048 <UGS<0.024 the pressure gradient decreased with gas superficial velocity. When 
bubbles begin to elongate under the effect of the confinement, the detachment of the bubbles becomes 
random between bubbles and elongated bubbles (plugs), who have different sizes, which reduces the 
pressure gradient with the increase the gas velocity, this zone may represent the transition Bubbly / 
slug flow. 
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Zone 3: UGS > 0.048 the pressure gradient increased again as gas superficial velocity increased. The 
slope rate is higher than that in the zone 1. In this zone (zone 3), the quantity of detached air becomes 
more uniform by increasing gas velocity which gives slug flow. 
 
Figure.2 shows that the pressure gradient in the micro-channels was highly related to the flow 
patterns. The decrease of pressure gradient in the transition zone could be explained as the pressure 
drop in the bubble. The number of bubbles or slugs amplified the total pressure drop in the bubble or 
Slug flow regime. As slugs’ number increase, the pressure drop in it increases to by increasing the 
superficial gas velocity. 
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Figure 2 : Effect of inlet gas velocity on the 
pressure gradient (D = 0.5 mm, ULS=0.08m/s) 
 
 
Conclusion 
 
Effect of inlet conditions on two phase flow patterns in the entrance region of a horizontal 
capillary tube is investigated. Air is axially injected through a nozzle with an inner diameter of 0.11 
mm and water flows in a 0.5 mm diameter glass tube. A numerical approach is followed to visualize 
the flow patterns on a tube length of 100 mm under different inlet phase velocities. The model is based 
on a computational fluid dynamics (CFD) approach and is constructed with an open-source toolbox 
OpenFOAM, which utilizes a finite volume method to solve the Navier-Stokes equations along the 
volume of fluid (VOF) methodology to capture the liquid-gas interface. Several flow patterns have 
been numerically visualized; bubbly, slug and annular flow. The bubble and slug size are determined 
according to operating conditions. Transition from one flow pattern to another are localized and 
pressure gradient is determined.  
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